The Cytoskeleton and the Secretory Pathway Are Not Involved in Targeting the Cowpea Mosaic Virus Movement Protein to the Cell Periphery  by Pouwels, Jeroen et al.
Virology 297, 48–56 (2002)The Cytoskeleton and the Secretory Pathway Are Not Involved in Targeting the Cowpea
Mosaic Virus Movement Protein to the Cell Periphery
Jeroen Pouwels,* Gerard N. M. Van Der Krogt,* Jan Van Lent,† Ton Bisseling,* and Joan Wellink*,1
*Laboratory of Molecular Biology and †Laboratory of Virology, Graduate School for Experimental Plant Sciences,
Wageningen University, 6703 HA Wageningen, The Netherlands
Received October 18, 2001; returned to author for revision December 7, 2001; accepted February 13, 2002
The movement protein (MP) of cowpea mosaic virus (CPMV) forms tubules on infected protoplasts and through plasmod-
esmata in infected plants. In protoplasts the MP fused to GFP (MP-GFP) was shown to localize in peripheral punctate
structures and in long tubular structures extending from the protoplast surface. Using cytoskeletal assembly inhibitors
(latrunculin B and oryzalin) and an inhibitor of the secretory pathway (brefeldin A), targeting of the MP to the peripheral
punctate structures was demonstrated not to be dependent on an intact cytoskeleton or functional secretion pathway.
Furthermore it was shown that a disrupted cytoskeleton had no effect on tubule formation but that the addition of brefeldin
A severely inhibited tubule formation. The results presented in this paper suggest a role for a plasma membrane host factorINTRODUCTION
Most, if not all, plant viruses encode one or more
movement proteins (MPs) which are required for local
and systemic spread of the virus. In an infected cell
these MPs are often located in plasmodesmata (Laz-
arowitz and Beachy, 1999). MPs are able to exploit these
plasmodesmata to enable viruses to move to neighbor-
ing, uninfected cells.
So far two basic principles for cell-to-cell movement of
plant viruses have been described: tubule-guided move-
ment of virus particles and movement as ribonucleopro-
tein complexes (Lazarowitz and Beachy, 1999). In in-
fected plants, the MP of the cowpea mosaic virus
(CPMV), a virus that moves from cell to cell using tubule-
guided movement of virus particles, is present in modi-
fied plasmodesmata, forming long tubular structures
filled with virus particles (van Lent et al., 1990). Tubular
structures are also formed on CPMV-infected protoplasts
(van Lent et al., 1991) and on protoplasts in which the MP
is expressed transiently (Wellink et al., 1993). These
tubules have a similar ultrastructure as the tubules in
plant tissue and extend from the plasma membrane into
the culture medium, with the plasma membrane sur-
rounding it. Also on insect cells, using a baculovirus to
express the MP, tubular structures were found (Kasteel
et al., 1996). Furthermore, using mutational analysis, mu-
1 To whom correspondence and reprint requests should be ad-
dressed at Wageningen University, Laboratory of Molecular Biology,tant MPs were found that have lost their tubule-forming
capacity as well as their ability to support cell to cell
movement (Bertens et al., 2000). These findings proved
that the MP is the only CPMV protein required for tubule
formation, that targeting and assembly of the MP can
take place in the absence of intact plasmodesmata, and
that putative host proteins involved in these processes
are likely to be very conserved between different plant
and animal species. The MP of CPMV is thought to be
synthesized in a cytopathic structure, the formation of
which is induced upon infection and which is often lo-
cated near the nucleus (Carette et al., 2000). Replication
has been shown to take place in this cytopathic structure
(De Zoeten et al., 1974). How the MP is targeted from
these structures to the cell periphery is currently un-
known and this question is addressed in this paper.
The best studied example of a virus which moves from
cell to cell as a ribonucleoprotein complex is tobacco
mosaic virus (TMV). The MP of TMV was shown to
localize at microtubules and actin filaments, in the ER
and in peripheral punctate structures in protoplasts
(McLean et al., 1995; Heinlein et al., 1995, 1998). Inhibitor
treatment experiments suggested that targeting or an-
chorage of the MP to these punctate structures occurs
via the ER and actin filaments (Heinlein et al., 1998).
Recently, a role has also been assigned to microtubules
in the targeting of the MP-RNA complex to plasmodes-
mata at later stages during infection (Boyko et al., 2000;
Mas and Beachy, 2000). In contrast, immunocytochemi-
cal staining did not reveal colocalization of the MP of
CPMV with the cytoskeleton or the ER in CPMV-infectedin tubule formation of plant viral MPs. © 2002 Elsevier Science
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The MP of cauliflower mosaic virus (CaMV), which, as
CPMV, moves from cell to cell using tubule-guided move-
ment of virus particles, also does not seem to colocalize
with microtubules, actin filaments, or the ER (Huang et
al., 2000). Studies using several metabolic inhibitors in-
dicated that the MP of CaMV is not targeted to the
plasma membrane via the cytoskeleton. Also drugs
causing a disruption of the ER did not interfere with the
targeting of MP to the plasma membrane, but they inhib-
ited tubule formation (Huang et al., 2000).
In this work we addressed the targeting of the MP of
CPMV to the cell periphery. As a tool we used MP-GFP
expressed in cowpea protoplasts both by transfection of
DNA constructs and by infection with a CPMV tripartite
virus, which expresses the MP-GFP together with the wt
MP. In both cases the MP-GFP was located in fluores-
cent peripheral punctate structures and fluorescent tu-
bular structures at the plasma membrane. The effect of
several inhibitors, which depolymerize the cytoskeleton
and block the formation of golgi vesicles, respectively, on
targeting of the MP to these punctate structures and on
tubule formation was studied.
RESULTS
Localization of the CPMV MP fused to GFP in
cowpea protoplasts
To determine the subcellular localization of the CPMV
MP fused to GFP (MP-GFP), cowpea protoplasts were
infected with a CPMV tripartite virus which expresses
MP-GFP together with wt MP (CPMV-MP-GFP, Fig. 1A) or
transfected with an expression vector containing the MP-
GFP coding region under the control of the cauliflower
mosaic virus 35S promoter (pMON-MP-GFP, Fig. 1B).
CPMV-MP-GFP also expresses the cofactor for RNA2
replication fused to GFP (CR-GFP, Fig. 1A) (van Bokhoven et
al., 1993a). The CR, also known as the 58K protein, is
translated from the start codon at the beginning of the large
open-reading frame in RNA2 (Fig. 1A) and the MP is trans-
lated from the second in-frame start codon. CPMV-MP-GFP
is able to spread from cell to cell in an infected leaf (data
not shown), showing that the presence of MP-GFP did not
interfere with the function of wt MP. When cowpea proto-
plasts were infected with CPMV-MP-GFP, a fluorescent
nucleus (due to the CR-GFP (Kasteel et al., 1993)) and
fluorescent peripheral punctate structures were visible in
50–90% of the protoplasts both 24 and 48 h post inoculation
(hpi) (Fig. 2A shows a picture at 48 hpi). Furthermore, less
than 10% of the infected protoplasts showed fluorescent
tubules 24 hpi; however, at 48 hpi the percentage of in-
fected protoplasts with fluorescent tubules increased to
around 70% (Fig. 2A, Table 1). Except for the nucleus,
punctate structures, and tubules, no other fluorescent struc-
tures were visible in the infected protoplasts.
In protoplasts transfected with pMON-MP-GFP, fluo-
rescence was already visible 8 hpi and its intensity was
maximal between 16 and 24 hpi. At all time points fluo-
rescence only occurred in peripheral punctate structures
(Fig. 2B, arrowheads) and, in about 25% of the fluores-
cent protoplasts, in very short tubules that extend from
the plasma membrane into the medium (Fig. 2B, arrow).
After 24 h the intensity of fluorescence in the protoplasts
FIG. 1. Schematic representation of the virus and the constructs containing the MP used in this study. The bars indicate open-reading frames. The
polyprotein cleavage sites are indicated with the recognition sequences (QS, QM, and QG). (A) CPMV-MP-GFP. This virus consists of three RNA
molecules: WT RNA1, RNA2 in which GFP is fused C-terminally to the MP and the CR (after the GFP is a normal cleavage site), and RNA2 in which
the coat proteins are deleted. Both RNA2s are translated into two polyproteins due to the presence of two in-frame start codons. (B) pMON-MP-GFP.
This plasmid is a pMON999 vector containing the MP-GFP coding region under the control of a 35S promoter. (C) pMON-CR/MP. This plasmid is a
pMON999 vector containing both the MP and the CR coding regions under the control of a 35S promoter. This plasmid contains two in-frame start
codons resulting in the translation of two different proteins. Abbreviations: Co-Pro, cofactor for proteinase; NTBM, protein containing a nucleotide-
binding site motif; V, VPg; Pro, proteinase; Pol, RNA-dependent RNA polymerase; CR, cofactor for RNA2 replication; MP, movement protein; GFP, green
fluorescent protein; LCP, large coat protein; SCP, small coat protein.
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FIG. 2. Localization of the CPMV MP in cowpea protoplasts (A/C) and the effects of the metabolic inhibitors on the targeting of the CPMV MP to
the cell periphery and on tubule formation of the CPMV MP (D/G). (A) A protoplast infected with CPMV-MP-GFP expressing MP-GFP and CR-GFP. The
CR-GFP was localized in the nucleus, whereas the MP-GFP was localized in peripheral punctate structures (indicated by arrowheads) and in tubules
extending into the medium (indicated by arrows). (B) A protoplast transfected with pMON-MP-GFP, expressing MP-GFP transiently. The MP-GFP was
localized in fluorescent peripheral punctate structures (indicated by arrowheads) and in some very short tubules (indicated by arrows). (C) A
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markedly decreased and at 48 hpi fluorescence was
almost nondetectable. A reduction in the amount of pro-
tein after 24 h has also been observed for transiently
expressed wt MP (Wellink et al., 1993). Because 24 hpi
the MP-GFP accumulation was at its maximum, all sub-
sequent analyses with pMON-MP-GFP were done at this
time point.
A difference between protoplasts transfected with
pMON-MP-GFP and protoplasts infected with CPMV-MP-
GFP is that in the latter case both the intensity of MP-
GFP fluorescence was higher and more and longer tu-
bules were formed. Furthermore, the onset of tubule
formation for protoplasts transfected with pMON-MP-
GFP (before 24 hpi) is earlier than for those infected with
CPMV-MP-GFP (between 24 and 48 hpi). Making allow-
ance for these differences both pMON-MP-GFP and
CPMV-MP-GFP were used as tools for studying the tar-
geting of the MP to the cell periphery.
Microtubules and actin filaments are not involved in
targeting of the MP to the cell periphery nor in tubule
formation
To determine whether the cytoskeleton is involved in
targeting to the cell periphery and in tubule formation,
protoplasts expressing the MP-GFP were treated with
latrunculin B or oryzalin. Latrunculin B and oryzalin in-
hibit the assembly of actin filaments and microtubules,
respectively, thereby bringing about the disassembly of
dynamic actin filaments and microtubules (Lang-Pau-
luzzi, 2000). In plant cells these inhibitors have been
shown to disrupt the actin filaments and the microtu-
bules within 30 min after addition (Lang-Pauluzzi, 2000).
In our experiments, the inhibitors were added to the
protoplasts immediately after the transfection procedure,
which is about 1 h after the inoculation of the protoplasts
with DNA or virus (van Bokhoven et al., 1993b). To deter-
mine whether the inhibitors had the expected effects on
protoplasts, two marker proteins were used to visualize
the cytoskeleton.
To visualize the actin filaments, protoplasts were
transfected with an expression vector containing YFP
fused to the N-terminus of Talin (pMON-YFP-Talin). Talin,
a protein found in a wide variety of organisms, binds to
actin filaments (Horwitz et al., 1986; Pfaff et al., 1998).
Protoplasts expressing YFP-Talin showed an extensive
network of actin filaments (Fig. 3A).
For the disassembly of actin filaments cytochalasin D
has been used in some studies (Heinlein et al., 1998;
Huang et al., 2000). In our hands exposure for 30 min to
30 g/ml cytochalasin D completely eliminated the actin
filaments but after 2 h the actin filaments had completely
recovered (data not shown). Therefore latrunculin B, a
more stable drug for the disassembly of actin filaments,
was chosen in this study.
After treatment of YFP-Talin-expressing protoplasts
with 20 M latrunculin B, the actin skeleton was disas-
sembled within 30 min and only small fluorescent aggre-
gates or very short pieces of actin filaments were visible
24 hpi (Fig. 3B). Recovery of the network was first ob-
served in some of the protoplasts 48 hpi (data not
shown). However, when an additional amount of latrun-
culin B was added 24 hpi, the network of actin filaments
did not recover and was still completely disrupted 48 hpi
(data not shown).
The microtubule-binding domain of the microtubule-
associated protein 4 (MAP4) (Olson et al., 1995) fused
N-terminally to GFP (GFP-MBD) was used to test the
protoplast transfected with pMON-CR/MP, expressing both WT MP and CR transiently. This protoplast was ethanol-fixed and processed for
immunofluorescent microscopy using a rabbit antibody against both the MP and the CR followed by an anti-rabbit antibody conjugated to FITC. The
MP was localized in tubular structures and also in this protoplast, the nucleus is fluorescing because of the presence of the CR. (D and E) Protoplasts
infected with CPMV-MP-GFP after treatment with latrunculin B and oryzalin, respectively. These inhibitors had no effect on the MP. (F) A protoplast
transfected with pMON-MP-GFP after BFA treatment. BFA was shown not to interfere with the targeting of MP-GFP to the punctate structures. (G) A
protoplast transfected with pMON-CR/MP after BFA treatment and processed as in Fig. 1C. BFA treatment resulted in a severe reduction of tubule
formation. A tubule that was formed is indicated with an arrow. All images shown are confocal fluorescence micrographs of a single optical section.
FIG. 3. The effect of several metabolic inhibitors on their targets. (A  B) Protoplasts transiently expressing YFP-Talin to visualize actin filaments.
(A) Untreated and (B) treated with latrunculin B. (C  D) Protoplasts transiently expressing GFP-MBD to visualize the microtubules. (C) Untreated and
(D) treated with oryzalin. (E F) Protoplasts transiently expressing ERD2-YFP to visualize the golgi stacks. (E) Untreated and (F) treated with brefeldin
A. Filaments resembling the ER are indicated by arrows. Images shown are confocal fluorescence micrographs of a projection of serial optical
sections (A  B) or single optical sections (C  F).
TABLE 1








Latrunculin B (20 M 
20 M)b CPMV-MP-GFP 71 88
Oryzalin (10 M) CPMV-MP-GFP 73 61
Brefeldin A (30 g/ml) pMON-CR/MP 78 16
a Metabolic inhibitors were added 1 h after transfection at the indi-
cated final concentrations.
b Latrunculin B was added 1 and 24 h post transfection.
c Percentage of fluorescent protoplasts that formed tubules. The
experiments were performed in duplicate. The percentages were com-
parable for the individual experiments and therefore the combined
results are shown. The number of fluorescent protoplasts, for which
tubule formation was determined, was 2 times 40 for Brefeldin A and 2
times 50 or 60 for latrunculin B and oryzalin.
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disruption of microtubules by oryzalin. The transient ex-
pression of GFP-MBD in protoplasts resulted in a fluo-
rescent network of microtubules (Fig. 3C). In the pres-
ence of 10 M oryzalin, no fluorescent network was
visible, indicating that the microtubules were disrupted.
The GFP-MBD was cytoplasmic in some of the proto-
plasts, but in most of the transfected protoplasts the GFP
fluorescence was seen in aggregates both at 24 and at
48 hpi (Fig. 3D). To verify that oryzalin is effective within
1 h, GFP-MBD-expressing protoplasts were treated with
10 M oryzalin for 1 h. As expected, no microtubules
were visible after the treatment, indicating that the mi-
crotubular network was disrupted and that oryzalin is
effective within 1 h (data not shown).
The effects of latrunculin B and oryzalin on the target-
ing of the MP to the peripheral punctate structures and
on tubule formation were studied by infecting protoplasts
with CPMV-MP-GFP. The number of fluorescent punctate
structures was comparable in untreated (Fig. 2A) and
latrunculin B- or oryzalin-treated protoplasts (Figs. 2D
and 2E, respectively), both 24 and 48 hpi (only data at 48
hpi are shown), showing that, in the presence of latrun-
culin B or oryzalin, the MP-GFP is still targeted properly
to the cell periphery. Also the percentage of infected
protoplasts that forms tubules is very similar to that of
the untreated control (Table 1). These results indicate
that neither actin filaments nor microtubules are essen-
tial for targeting of the MP to the cell periphery or for
tubule formation.
Effects of disruption of the secretory pathway on
targeting of the MP to the cell periphery and tubule
formation by the MP
To determine whether the secretory pathway is in-
volved in targeting of the MP to the cell periphery and in
the formation of punctate structures and tubules, proto-
plasts expressing the MP-GFP were treated with brefel-
din A (BFA). BFA inhibits the delivery of vesicles from the
ER to the golgi complex but does not inhibit the retro-
grade transport from the golgi complex to the ER
(Boevink et al., 1998). Therefore, treatment with BFA
would result in retention in the ER of host proteins that
otherwise would be secreted or targeted to the plasma
membrane. BFA has been shown to be effective in plant
cells within 30 min after addition (Boevink et al., 1998).
To test whether BFA inhibited the formation of golgi
stacks from the ER, protoplasts were transfected with
pMON-ERD2-YFP. ERD2 is a protein that is transported
very efficiently from the ER to the golgi but the retrograde
transport is only very slow (Lee et al., 1993). In ERD2-
YFP-expressing protoplasts most of the fluorescence is
found in small round patches which are the golgi stacks
(Fig. 3E) (Boevink et al., 1998; Carette et al., 2000). Also a
very faint labeling of the ER occurred in some of the
transfected protoplasts (data not shown). After treatment
with BFA no fluorescent Golgi stacks were visible (Fig.
3F) and ERD2-GFP was mainly located in filaments re-
sembling the ER network, indicating that BFA had inhib-
ited the formation of golgi stacks.
When protoplasts were infected with CPMV-MP-GFP
and were incubated in the presence of 30 g/ml BFA, no
fluorescent protoplast could be detected (data not
shown), indicating that BFA is a very potent inhibitor of
the replication of CPMV. Therefore transiently expressed
MP-GFP (pMON-MP-GFP) was used to test the effect of
BFA on targeting of the MP to the cell periphery. After
addition of BFA, MP-GFP still accumulated in peripheral
punctate structures, both 24 and 48 hpi (Fig. 2F), showing
that vesicular transport from the ER to the golgi appara-
tus is not involved in targeting of the MP to the cell
periphery. However, since the ER network is still present
after BFA treatment (Fig. 3F), we cannot rule out that
vesicles are delivered to the plasma membrane directly
from the ER. After the addition of BFA also an increase in
the amount of fluorescent protoplasts and in the fluores-
cence intensity per protoplast was observed (data not
shown), indicating higher MP-GFP expression levels or
stabilization of MP-GFP.
We did not study the effect of BFA on tubule formation
with pMON-MP-GFP, because protoplasts transiently ex-
pressing MP-GFP do not form numerous tubules and the
tubules that are formed are very short (Fig. 2B). In contrast,
protoplasts transfected with pMON-CR/MP (Fig. 1C) do
form tubules very efficiently and therefore this construct
was used to test the effect of BFA on tubule formation
(Wellink et al., 1993). Protoplasts transfected with pMON-
CR/MP form both the MP and the CR, which can be
visualized by treating fixed protoplasts with an antiserum
that recognizes both proteins. In these protoplasts fluo-
rescent punctate structures (data not shown) and a flu-
orescent nucleus (Fig. 2C, overexposed) were visible
(Wellink et al., 1993). Furthermore, fluorescent tubules
were formed on about 78% of the fluorescent protoplasts
(Fig. 2C, Table 1). When pMON-CR/MP-transfected cells
were incubated with BFA, the percentage of fluorescent
cells that formed tubules was only 16% (Table 1). We also
observed that in the BFA-treated samples the number of
tubules per transfected protoplast was lower and the
tubules were shorter, both 24 and 48 hpi (Fig. 2G).
Western blot analysis was performed to test whether
the increase in fluorescence intensity, observed in BFA-
treated protoplasts transiently expressing MP-GFP, was
caused by an increase in MP-GFP levels (Fig. 4). This
experiment clearly showed that without BFA bands rep-
resenting MP, CR, and MP-GFP are barely visible
whereas upon incubation with BFA the amount of MP-
GFP, as well as the amount of wt MP and CR, clearly
increased (Fig. 4, lanes 1–12). Furthermore, we saw
some additional bands, probably breakdown products of
the MP or MP-GFP, both in the BFA treated and in the
untreated protoplasts. The amount of these breakdown
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products was also increased by the incubation with BFA.
The amount of GFP, however, which was used as a
control in this experiment, did not change upon BFA
treatment (Fig. 4, lanes 13 and 14).
DISCUSSION
The results of this study indicate that targeting of the
MP of CPMV to peripheral punctate structures in proto-
plasts does not involve the cytoskeleton nor the secre-
tory pathway; as a consequence a currently unknown
pathway must be involved.
Punctate structures and tubules of different lengths
are present in the plasma membrane of one protoplast
and it seems reasonable to assume that tubules arise
from the punctate structures, as also suggested for the
CaMV GFP-MP (Huang et al., 2000). Punctate structures
might therefore represent accumulation sites for the MP
at the cell periphery, where tubule formation is initiated.
A possible mechanism of targeting of the MP to these
punctate structures is lipid anchoring but the MP is
lacking the necessary signal sequences known to date.
The CPMV-MP, however, could bind to a host protein with
a lipid anchor in the cytoplasm. Alternatively, the MP
diffuses from the place of synthesis near the nucleus to
the cell periphery, where it accumulates in punctate
structures, possibly due to an interaction with a host
plasma membrane protein.
Several plant viral MPs have been shown to accumu-
late in peripheral punctate structures in protoplasts
(Heinlein et al., 1998; Huang et al., 2000; Satoh et al.,
2000; Canto and Palukaitis, 1999; this study) and in plas-
modesmata in intact plants (Linstead et al., 1988; Tome-
nius et al., 1987; van der Wel et al., 1998; van Lent et al.,
1990; Yoshikawa et al., 1999). These MPs therefore seem
to share the property to target to discrete sites at the cell
periphery. The mechanisms for targeting the MP to these
sites, however, appear to differ between viruses. The MP
of TMV, with movement as a ribonucleoprotein complex,
has been shown to associate with cortical microtubules
(Heinlein et al., 1995; McLean et al., 1995) and actin
filaments (McLean et al., 1995) and to colocalize with the
ER (Heinlein et al., 1998). The MPs of CaMV and CPMV,
both members of the group of viruses that have tubule-
guided movement, do not seem to colocalize with the
cytoskeleton or the ER (Huang et al., 2000; Bertens, 2000;
Kasteel, 1999). Furthermore, the results from experi-
ments with metabolic inhibitors on the MPs of CaMV and
CPMV also indicate that the cytoskeleton and the endo-
membrane system are not involved in targeting of MP to
the punctate structures (Huang et al., 2000; this study).
Actin filaments and the endomembrane system, on the
other hand, seem to play a role in targeting or anchorage
of the MP of TMV to the punctate structures (Heinlein et
al., 1998).
The experiments with the inhibitors indicate that actin
filaments and microtubules are not essential for tubule
formation by the CPMV MP. BFA, however, clearly re-
duces tubule formation, even though transiently ex-
FIG. 4. Western blot analysis of extracts of protoplasts to test the effect of BFA on transiently expressed MP. Protoplasts were inoculated with the
indicated constructs or viruses and incubated with () or without () 30 g/ml BFA. The extracts were made after 48 h and were centrifuged to obtain
the membrane (P30) and the cytoplasmic (S30) fraction. Equal amounts of protoplast samples were separated on a 12.5% SDS-PAGE and blotted onto
nitrocellulose. The blots were treated with an antiserum directed against the MP and the CR. Lanes 1–10 show the effect of BFA on transiently
expressed MP-GFP. As a control, extracts of CPMV-infected protoplasts were loaded (lanes 5 and 10). Lanes 11–14 are from other Western blots,
which show the effect of BFA on transiently coexpressed MP and CR and on transiently expressed GFP. The membrane fractions are shown for the
coexpressed MP and CR and for GFP the cytoplasmic fraction is shown.
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pressed MP-GFP accumulated to a higher level in the
presence of BFA. Since targeting to the punctate struc-
tures is not affected by BFA we conclude that BFA does
not interfere with targeting of MP but with the formation
of tubules. The inhibition of tubule formation by BFA
could be caused by interference with the plasma mem-
brane targeting of a host plasma membrane protein,
required for tubule formation. Alternatively, vesicle inser-
tion in the plasma membrane might be essential for
tubule formation. Since BFA does cause a decrease in
the flow of vesicles to the plasma membrane, this might
prevent the outgrowth of tubules, which are surrounded
by membranes (van Lent et al., 1991).
The amount of CPMV MP and CR, fused to GFP, that
accumulates in protoplasts during transient expression
experiments is quite low when compared to free GFP
and several other proteins, fused to GFP (data not
shown), using the same expression vector (van Bok-
hoven et al., 1993b). Surprisingly, treatment of transfected
protoplasts with BFA resulted in a substantial increase in
MP-GFP fluorescence compared to the untreated con-
trol. Western blot analysis confirmed that this is due to an
increase in the amount of protein and revealed a similar
increase for transiently expressed wt MP and CR (Fig. 4).
BFA did not have an effect on the accumulation of free
GFP (Fig. 4) and ERD2-GFP (data not shown), suggesting
that this effect is specific for the MP and CR. This BFA
effect has not been reported for any other MP so far. It
might be that the MP and CR of CPMV are normally
degraded in a pathway linked to the secretory pathway,
due to a specific amino acid sequence present in both
proteins. It has been shown that transiently expressed
MP also accumulates to a higher level in the presence of
the 200K protein, encoded by RNA1 (Wellink et al., 1993),
suggesting that this protein can mimic the effect of BFA
and inhibit the degradation.
MATERIALS AND METHODS
Construction of the plasmids
All transient expression constructs were made in
pMON999, which is a plant expression vector containing
a multiple cloning site between the double cauliflower
mosaic virus (CaMV) 35S promoter and a terminator
sequence of the nopaline synthase gene (Tnos) (van
Bokhoven et al., 1993b).
For construction of pMON-MP-GFP (Fig. 1B), in which
the open-reading frame of GFP is fused to the C-terminus
of the MP, a 1.7-kb fragment was obtained by PCR using
pTM8GFP7 (Gopinath et al., 2000) as a template and
primers M512 (GCTTTCGAATTCAAATTTGGG) and
GFP5Bam-TAA (CCGGATCCTTATTTGTATAGTTCATCCA-
TGC). This fragment was digested with BamHI and
cloned into BamHI-digested pMM48 (Wellink et al., 1993).
pMON-CR/MP (Fig. 1C), which contains the open-
reading frames of both the CR and the MP, has been
described earlier as pMM58/48 (Wellink et al., 1993).
For the construction of pMON-YFP-Talin, PCR was
used to put the coding region of the C-terminal, actin-
binding part (8022–8594) of the Dictyostelium discoi-
deum Talin gene (TalA, U14576) into a modified Clon-
tech-C1 vector containing a less pH-sensitive YFP
(Val68Leu, Glm69Lys, Ser65Gly, Ser72Ala, Thr203Tyr).
For this a 5 primer CCGAGCTCTCATCGTAGATGCTAG-
TAGT, containing a SacI site (underlined), and a 3 primer
CGGGATCCTTAATTTTTATTATAATT containing the origi-
nal talin stop codon and a BamHI site (underlined) were
used. This resulted in a fusion of Yfp-CTal separated by
a Ser/Gly/Leu/Arg/Ser/Arg/Ala/Leu linker, similar to the
GFP-talin construct described previously (Kost et al.,
1998). The fusion was cut using NheI/BamHI and cloned
into pMON999, linearized by a XBaI/BamHI digestion,
resulting in pMON-YFP-Talin.
The construction of pUC-GFP-MBD (generously pro-
vided by R. Cyr, The Pennsylvania State University, PA),
containing the open-reading frame of GFP fused to the
coding region of the microtubule-binding domain of the
microtubule-associated protein 4 (MAP4), has been de-
scribed previously (Marc et al., 1998).
pMON-ERD2-YFP (generously provided by J. Carette,
Wageningen University, Wageningen, The Netherlands)
contains a plant optimized mutant of YFP fused to the
coding sequence of the Arabidopsis ERD2 homologue
(Lee et al., 1993) and has been described previously
(Carette et al., 2000).
CPMV-MP-GFP (Fig. 1A) is a CPMV virus that contains
three RNAs: WT RNA1, RNA2 MPfGFP (Bertens, 2000),
and RNA2-M58S5 (Kasteel et al., 1993).
Transfection of cowpea protoplasts and treatment
with inhibitors
Cowpea (Vigna unguiculata L.) mesophyl protoplasts
were isolated and transfected by polyethylene glycol-
mediated transformation as described previously (van
Bokhoven et al., 1993b). The transfected protoplasts
were resuspended in protoplast medium and then di-
vided in 2 aliquots. One of the aliquots was left untreated;
to the other aliquot latrunculin B (20 M), oryzalin (10
M), or brefeldin A (BFA, 30 g/ml) was added immedi-
ately after the transfection procedure, which is about 1 h
after the inoculation of the protoplasts with DNA or virus.
The protoplasts were subsequently cultured in the light
at 25°C for 24 or 48 h. To the aliquots with latrunculin B
a second portion of latrunculin B was added 24 h post
transfection.
Analysis of the transfected protoplasts and
fluorescence microscopy
Immunofluorescent analysis of the transfected proto-
plasts was performed as described previously (van Bok-
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hoven et al., 1993b). A Zeiss LSM 510 confocal micro-
scope was used to obtain images of living or fixed
protoplasts. A standard filter for FITC was used to detect
GFP, YFP, and FITC (the excitation wavelength is 488 nm
and we used an emission bandpass filter of 505–550
nm). Western blot analysis was performed as described
previously (Bertens et al., 2000).
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